INTRODUCTION
AT an early stage in work on the physiology of potato seeds it became clear that material of the cultivated potatoes was highly hetero-. geneous as to the expression of dormancy. A study of the genetic control of dormancy was therefore begun, few such studies having been reported in other plants, though of considerable significance from the viewpoint of crop evolution. It later became clear that, in the potatoes, seed and tuber dormancy are correlated, a result of some intrinsic interest and one which has bearing on breeding techniques (Simmonds, 1963a, b) . The purpose of this paper is to describe the results of these studies.
MATERIALS AND METHODS

Plant materials
All the stocks used were derived from cultivated stocks maintained in the Commonwealth Potato Collection. Most of the native South American cultivars fall into two great groups, the diploids and their autotetraploid derivatives, the Andigena Group. Field plantings of very mixed stocks of diploids and tetraploids separately, made at Hertford in 1959, yielded large bulks of open-pollinated seed which were the sources of the selection experiment described below. In addition, clones of certain cultivated diploids, maintained in the Collection, were also used. They belonged to two cultivar groups: the Phureja Group (abbreviated phu) and the Stenotomum Group (stn) ; the former characteristically bears tubers that are but slightly dormant, while the latter bears tubers which are more strongly or even very deeply dormant, a difference which reflects human selection pressure in their evolution (Dodds, 1962; Dodds and Paxman, 1962) .
Estimation of seed dormancy The methods used were based on general studies of the expression of dormancy in potato seeds, studies which have been described in detail elsewhere (Simmonds, I 963a) . Crosses were made in the glasshouse during the summer and all berries were picked at six weeks of age and extracted at once; dormancy was either tested immediately or, if that were impossible, the dry seed was stored over silica gel in the laboratory for the requisite few weeks, such storage being known to prevent the normal decline of dormancy after harvest. Germination was tested on lots of 50 seeds placed on moist filter paper in petri dishes in daylight in the laboratory. Total percentage germination after four weeks was taken as an inverse measure of dormancy; this is an arbitrary choice and one which leads to insensitivity at both ends of the range of dormancy. Time taken to 50 per cent. of final germination would, as a measure, be more sensitive in detecting differences between low dormancies but also breaks down 489 at the high end because extremely dormant seeds may rot before they germinate. The method adopted, however, covers the big differences very well and is simple in use.
Since low viability could give a false appearance of dormancy, plates were either retained for the necessary time to check the point or dormancy was broken by addition of gibberellic acid. A very few aberrant results were thus discarded.
The question of reproducibility of results on seed dormancy is of obvious importance. As described below, replicate tests made in parallel in a single season have reasonably low error variances which can be used to make comparisons within the season's results. Between-seasons differences, however, might be expected to be important and one set of data, in fact, confirms this. Selection methods Selection for and against dormancy was carried out by laying fresh seed (harvested in the early autumn) on moist filter paper in the laboratory and picking the first seedlings to germinate as being of low dormancy, the last as of high dormancy.
Some care was necessary in the final stages because the last few per cent, of seed was often inviable. Low dormancy selections were carried on over the winter in the glasshouse, with supplementary lighting to inhibit tubering and such vegetative propagation by cuttings as was necessary to bring them into flower synchronously with the late selections in the following summer. Subsequent selection of families to carry on the lines in any one year was based on the seed dormancy tests carried out in the previous autumn.
Estimation of tuber dormancy
All plants were grown in the glasshouse or in frames outdoors during the summer months. Groups of plants judged to be at the same stage of maturity were harvested and tested as a group; since individuals in a family often differed in maturity, it was sometimes necessary to harvest a family in two or three lots at intervals of one to three weeks. As soon as possible after harvest, tubers were laid in covered trays of moist peat in the glasshouse and twice-weekly observations of sprouting were made. The period of dormancy* of a tuber was taken as the time in days from harvest to the * Equivalent to the "rest period" of Emilsson (1949) . See Discussion, below, for comment.
appearance of a sprout at the surface of the peat. Usually, three tubers per plant were tested, though not all plants provided sufficient and a few tubers rotted before sprouting. Tubers were roughly classified as large (more than 2 cm. in mean diameter), medium (i -2 cm.) and small (i cm. or less) in the expectation that sprouting time would be correlated with size (cf. Emilsson, 1949) . This expectation was realised: the larger tubers sprouted more quickly in low-dormancy families and the same trend, though less marked, was also apparent in medium-dormancy families; the effect nearly disappeared, however, in deeply dormant families, in which tuber size had but slight effect. This is simply illustrated by reference to the diploid families tested in 1962 (see p. 496). Frequencies with which larger tubers sprouted more quickly/less quickly than smaller ones were as follows: early families 72/19, medium 60/18, late 46/39. The question of correcting results for tuber size is discussed below.
As with seed dormancy, so the question of reproducibility of results on tuber dormancy is obviously important. Much agronomic experience with the north temperate cultivated potatoes shows that tuber dormancy, though undoubtedly clonally characteristic, is very variable in expression with season and place (Emilsson, 1949; Burton, 1963 [52] which are all highlysigniflcant but, once again, mean sprouting times were greater in the repeat than in the original test. The correlations between tests show that dormancy is clonally characteristic but the mean differences between them show that detailed quantitative comparisons can properly only be made between stocks raised and tested in parallel. Regressions derived from these trials, however, allow reasonable corrections for between-year effects to be applied (see p. 498).
In estimating the mean tuber dormancy of a family raised from seed (e.g. those listed in tables and 4), it was necessary to avoid the bias that might be introduced by correlated seed and tuber dormancy. Thus untreated seed that retained some dormancy when sown in the spring would tend to give families from which the more deeply dormant fractions had been eliminated, so biasing the estimate of tuber dormancy. In order to minimise this bias, the seed was treated with gibberellic acid before sowing, thus breaking any residual dormancy (Simmonds, 1963a) .
Statistical analysis
Seed germination figures, in the form of percentages based on so-seed plots, were transformed to angles. Trials with one set of data showed that means and variances were uncorrelated even when substantial numbers of values were below 5 per cent. or above 95 per cent. With 50-seed plots, the expected error variance is about 16; as in physiological experiments with potato seeds (Simmonds, 19630) , observed variances were generally somewhat larger. Thus three (somewhat heterogeneous) variances estimated for diploid material in 1962 gave, when pooled, a value of 388 (n =34); these were based upon replicate seed lots sown from single berries. A similar pooled variance based upon four (homogeneous) estimates of variance of seed lots from different berries of the same cross was 466 (n = 94), which is not significantly greater (V.R. [94, 34] = I .20). Replicate berries within one season therefore agree quite well-though one exception to this will be noted below.
In the analysis of tuber dormancy, days to sprouting was used as a variate. The data provided estimates of the mean effect of tuber size within groups of families and an attempt was made to correct for this factor by adjusting the results for large and small tubers by the appropriate addition or subtraction. Since the distribution of tuber sizes was very similar for all families, means were virtually unaffected by this procedure though variances were, as expected, slightly reduced. The effect was not large, however, and (especially since some of the size-adjustments were rather poorly estimated) the attempt was abandoned.
RESULTS
The selection of low and high seed dormancy in diploids and tetraploids
The results of three generations of selection are summarised in figs. i and 2. After the primary selection for early and late germination in the initial bulk of seed, the four lines were carried on by sibcrossing (for the diploids) or by selfing and sibcrossing (for the tetraploids. Parents for the following generation were grown from remnant there were too few data for formal test but a strong suggestion in two crosses that the cross low female by high male produced progeny of lower dormancy (90 and 92 per cent.) than the reciprocals (46 and 10 per cent. respectively). More detailed evidence on reciprocal effects is given below (p. 500).
In summary, it appears that the parental seed bulks (and therefore the cultivated diploid and Andigena Group populations from which they came) were highly heterogeneous and responded readily to selection.
A diallel cross in the cultivated diploids A diallel cross was made in triplicate between six cultivated diploids. The parents were necessarily selected on the basis of seed and pollen fertility and, as the results subsequently showed, did not 21 t C1ones-, 1082, 1674, 1837, 2749, 2795. dormant tubers) while six are assigned to Phureja, having little or non-dormant tubers. There are large differences between cultivar groups; thus Stenotomum bears more dormant seeds than Phureja a difference which is parallel to the behaviour of their tubers. There is, however, some overlap between the Groups, which are each quite variable, and good evidence of reciprocal effects (V.R. for reciprocals in phu/stn 247/53 and in phu 338/53). Reciprocal effects all lay in combinations of members of the Phureja Group, conspicuously in clones 836 and 1776, which tended to transmit low dormancy as females, and clone 2211, which did the reverse. Thus the various reciprocal effects tend to cancel out and, as a result, the means for phu x stn and stn >< phu agree quite well (table 2) .
Estimates of tuber dormancy of the selected families are given in table 3, along with the relevant seed dormancy data and assessments of parental tuber dormancy. It is clear that the tuber dormancy of the progeny is correlated both with the parental behaviour and with the dormancy of the seed lots from which they were grown. It is also clear that the considerable reciprocal differences in seed behaviour are not reflected in the tubers: all six reciprocals tested agree very closely. Error variances, it will be noted, are strongly correlated with means Nearly all the families gave evidence of differences between individuals in respect of tuber dormancy. The relevant variance ratio was significant in all except one Phureja cross (1776 X 221 i) and two Stenotomum crosses (1o82 X2749 and 1674x 1082); in each case, however, the reciprocal cross gave evidence of variation so it is clear that all combinations tested showed genetic heterogeneity in this respect. Genetic variances are highest in the stn crosses, lower in the phu >< stn hybrids and lower still in the phu crosses. Column 3-L low, M medium, H high dormancy; columm 5-means (days) fiducial limits.
Polygenic control of seed and tuber dormancy is therefore fairly clear and the two dormancies are highly correlated. That specific clonal effects can override the correlation in some cases is shown by observations included in table i (bottom right-hand column). The parental tuber dormancies of the clones used in the diallel cross were not obviously related to the level of seed dormancy that the clones transmitted and, further, agree rather poorly with some of the results of table 3. It is impossible, on the evidence, to decide where the discrepancies lie.
Correlated seed and tuber dormancy in the selection lines A set of results similar to those just described is available for the seed dormancy selection lines. That is, seed lots tested for dormancy in the autumn of i 961 were grown in i 962 and tested for tuber dormancy in the autumn and winter of that year (table 4) . Because all plants were grown and tested together, direct comparison with the Phureja/ Stenotomum results is legitimate. In addition, similar data are also available for the products of an extra cycle of selection in the diploid high dormancy line (cf. fig. 1 , bottom right-hand corner); these tests were necessarily carried out a year later than the others included in the table so that comparisons must be made with some reserve.
It will be seen that selection for low seed dormancy in the diploids produced lines that had the low tuber dormancy characteristic of the Phureja Group while the contrary selection moved tuber dormancy Column 3-Liow line, H high line; column 5-means (days) fiducial limits.
towards the Stenotomum expression. Exactly similar trends are apparent in the tetraploid lines though the actual levels of tuber dormancy are, for comparable combinations, all higher than in the diploids.
As with the Phureja/Stenotomum results, all combinations tested gave evidence of genetic heterogeneity (all variance ratios significant); variances are somewhat erratically correlated with means but tend to vary with year, being lower in 1963 than in 1962; and the tuber dormancies of reciprocal crosses, with one exception, agree closelythey do not reflect reciprocal differences in seed dormancy. The one exception is provided by the diploid families 62/55 and 62/56 (table 4) Sample plants of the High and Low diploid and tetraploid lines that were tested for tuber dormancy in I 962 were sib-pollinated in the summer of that year and the resultant seed lots later tested for dormancy (cf figs. i and 2) . The data, summarised in fig. 4 , provide an opportunity to make a test complementary to those already described, i.e. to compare the seed dormancies of families of which the parents had already been tested for tuber dormancy. The general relation between the two dormancies is again quite clear. Of the four correlation coefficients within groups, only that for the diploid High line is significant (r = -054, n = 23) though the overall relations within diploids and tetraploids are, of course, clear enough. Evidently, the other three groups have moved so far towards fixation of the dormancy genes that there is insufficient variability left to reveal the correlation. Significantly, the diploid High line was one generation behind the others and, in the following generation, provided evidence of further response to selection (figs. i and 3).
A test of reciprocal difference in seed dormancy
Evidence of the occurrence of reciprocal differences in seed dormancy has been given above and one combination was chosen for replicated test. The cross of the diploid High line clones 6i/174 and 61/175 gave 20 per cent. and 45 per cent. in the two directions, 174 x 175 and 175 X 174 ( fig. i, 1961 data) . In 1962 eight crosses in each direction were made and two samples of 50 seeds were sown from each berry. The means were: 174X 175-414 per cent.; 175 X 174-51 9 per cent. Final viability averaged 96-99 per cent.
The analysis of variance (angles) shows that the reciprocal difference is by far the largest effect and that Replicates (i.e. differences between berries tested against within-berry variance as error) is suggestively large, the only instance in which this has been found to be so (see p. 491). .Ntes.-( i) C.P.C. clones; (2) C.P.C. clones: for comments on this group of potatoes see Simmonds (1964) ; (3) The six Tuberosum Group seedlings tested in 1962 were all deeply dormant and the results agree well with those from six established commercial clones. Selection in north temperate latitudes has therefore favoured deep dormancy. The figures for Tuberosum Group seedlings given in the last line of the table were obtained in 1963 and are therefore not directly comparable with the preceding; but they agree in indicating fairly deep dormancy in the Group. These data come from an experiment in which an unsuccessful attempt was made to select for high and low dormancy at the seed level. Though there were significant differences between plants (V.R. the reason for failure was clearly that the seedlings taken for test were all more or less deeply dormant, thus reflecting earlier phases of selection in the Group: low dormancy combinations had been eliminated from the sample tested.
DISCUSSION
The seeds and tubers of wild potato species are, in general, dormant when first harvested; and so are those of the majority of cultivated potatoes. The recognition of a small group of non-dormant cultivated diploids, however, goes back many years and it has more recently become clear that non-dormant triploids and tetraploids also occur: over a considerable area of the Andes, collection of cultivars under the local name "chaucha" (= early) yields diploids, triploids and tetraploids (Dodds and Paxman, 1962) . Some of the diploids, at least, are quick-maturing as well as quick-sprouting and appear to have evolved in response to human selection for clones adapted to growth all the year round in the warmer valleys. Evidence now begins to accumulate that this evolution may have occurred independently in different places (John Innes Institute, 1963) . The results reported in this paper make it clear that selection of polygenic variability in both diploids and tetraploids was the genetic basis of the change. The direction of change was from highly dormant to less dormant and the results given here show that it was accompanied by the expected fall in genetic variance. At the high end, selection has not been pushed far enough to restrict genetic variance for there is no agronomic reason to do so; but there are signs (p. 498) that this point may have been reached in the diploid high dormancy line.
Clearly, selection could be pushed far beyond an acceptable agronomic level.
Perhaps the most striking feature of the present results is the high correlation that exists between seed and tuber dormancy. The implication that the two dormancies are under a common biochemical control is clear. * Unfortunately, the nature of that control is yet unknown, despite the existence of a very considerable body of work on tuber dormancy in the potatoes (reviews by Emilsson, I 949; Burton, 1963) . Potato stocks having contrasted states of dormancy should provide good material for biochemical study, better material, at least, than has been generally available to physiologists, who have had to make do with more or less deeply dormant Tuberosum clones. A second implication of the seed-tuber correlation is that the plant breeder's selection towards high or low dormancy may be facilitated; contrariwise, it seems possible, even probable, that breeding stocks sown as untreated seed in the winter, six months after harvest, may have suffered unconscious selection towards low dormancy in the resulting clones. Fortunately, avoidance of this bias by a dormancy-breaking treatment of the seed is simple.
Different investigators of potato tuber behaviour have used different terminologies to describe dormancy and different methods to measure it. Thus Emilsson (1949) , in a leading review of the subject, distinguishes between "rest period" (the obligate period of nonsprouting after harvest even under conditions favourable to sprouting) * Similar correlations might perhaps occur in other plants, for example tree fruits such as apples and peaches in which bud break in spring might be predicted to be related to seed dormancy. In strawberries there is certainly significant variation in both seed and runner dormancy which, again, might well prove to be correlated (Hedley Williams, personal communication).
and "dormant period" (the period of non-sprouting under stated low-temperature storage); the first is always less than or, at most, equal to the second. The distinction is essentially an agronomic one and it seems unfortunate that the generally used botanical word" dormancy" should be applied to an arbitrarily chosen feature of storage of concern only to the potato agronomist. Further, it would be unreasonable to apply different words to what is clearly the same behaviour in seeds and tubers; since potato seeds undoubtedly show "dormancy" in the ordinary botanical sense of the word, it seems advisable to use this term for both seeds and tubers.
The diversity of methods used to assess tuber dormancy by various workers makes numerical comparisons of results very difficult, indeed virtually impossible. In a survey of some 50 European varieties Emilsson found a range of rest periods from 5 to 19 weeks with a marked mode at 9-12 weeks. Burton (1963) found a mode of about 9 weeks (range 35 to 15 weeks) in a sample of ii British varieties. Despite much variability due to season, maturity, tuber size and so forth, these wide ranges undoubtedly largely represent genetic variation between clones. Hence there is probably plenty of room for selection by the plant breeder (though a small trial reported here was unsuccessful-p. 501). The mean dormancy of Tuberosum material determined in the present work was about 15 weeks (table 5), which is rather higher than the modes given by Emlisson and Burton (determined by different methods).
Finally, three other studies of the genetic control of dormancy have been reported: in oats by Barber and Quisenberry (1923) and by Johnson (1935a, b) ; in peanuts (Arachis) by Hull (ii); and in a clover (Trfolium subterraneum) by Morley (1958 -see also Ballard, 1958 , 1961 . In all three, inheritance was polygenic, though some of the oat data were interpreted otherwise. In this they resemble the potatoes but, unlike them, have presumably developed their varying dormancies by direct selection at the level of the seed itself; in the cultivated potatoes, it is reasonable to suppose that selection operates at the tuber level and seed dormancy follows.
Other studies that bear on the genetic control of seed behaviours are those of Harper and McNaughton (1960) on poppies, of Honing (1930) on tobacco and of Kugler (ii) on Arabidopsis. The last two are mainly concerned with the genetic control of a light-demand for germination rather than with dormancy. Several examples of reciprocal differences in seed behaviour are given for the poppies and the tobacco.
SUMMARY
The South American cultivated potatoes show a wide range of seed and tuber dormancies. Selection for high and low seed dormancies was effective in both diploids and tetraploids and the results, together with those of a diallel cross among cultivated diploids, 504 N. W. SIMMONDS indicated broadly additive polygenic control of dormancy. Reciprocal differences were frequent and operated in both directions. Seed and tuber dormancies are highly correlated so that selection for one automatically implies selection for the other; common biochemical control is inferred and the correlation is of some significance for the potato breeder. Selection among the European potatoes has generally favoured fairly deep dormancy (in tubers that have to be stored over a long winter). Among the South American potatoes, various levels of dormancy have been selected in accord with local requirements.
In discussion it appears that the four plants in which dormancy has been studied genetically (oats, peanuts, a clover, potatoes) all show polygenic control of the character.
